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STRUCTURAL CHARACTERIZATION AND GAS REACTIONS 

O F  SMALL METAL FARTICLES 

B Y  HIGH HESDLUTION IN-SITU TEM AND TED 

The detection and size analysis of small metal particles supported on 

amorphous substrates becomes increasingly difficult when the particle 

size approaches that of the phase contrast background structure5 o f  

the support. In addition, size determinations o f  such small 

particles arc significantly affected by the TEM imaging conditions, 

such as focus and astigmatism correction. Palladium particles of 

le55 than 2 nm mean size were examined by high resolution TEM and 

subsequent electronic image analysis, using a Quantimet 720 Image 

Analyzer. A deviation of only a few hundred nm from the optimum 

focus condition was, for example, found to increase the "apparent" 

diameter of 1.3 nm particles by a5 much a5 0.4  nm. Furthermore, the 

electron exposure required to perform very high resolution microscopy 

may sEverely complexify the situation by radiation induced changes in 

specimen a n d  support. These changes may be intensified by specimei~ 

contaminants and imp]-operly controlled environment. An approach of 

digital image analysis, involving Fourier transformation of the 

original image, filtering, and image reconstruction was studied with 

respect to the likelihood of unambiguously detecting particles of 

less than 1 nm diameter on amorphous substrates from a single 

electron micrograph. A paper describing this work is in print in 

Ultramicroscopy (Appendix 1). 

The moving 2nd installation activities of the in-situ T E l l  facility to 

t f - , e  D~partment of  Chrmical E n g i n e e r i n g ,  StanFord Urliversity, are 



n e a r i n g  completion3 and it is anticipated that t h e  normal r e s e a r c h  

a c t i v i t i e s  c a n  be resumed shortly. 



ON THE DETECTION AND S I Z E  CLASSIFICATION 
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ABSTRACT 

The detectiori and site analysis of small metal agqregates  suppctrted 

amorphous substrates becccmes increasingly difficult when the 

particle size approaches that of the phase CGnti-aSt backgraund 

structures of the suppurt. Standard high resulutian canventional 

transmission electron microscopy (CTEM) with subsequent analogue 

image analysis becomes inconclusive or fails for particles less than 

1 nm in diameter, and clear differentiation of the particles from the 

background can only be made with considerable effortr typically 

invalving several micrographs taken from the s a m e  specimen area under, 

different imaging conditiurl2. The TEM image:cuntrast t r a m ) -  
e 

mechanism is reviewed with emphasis an practical conclusic~ns i n  this 

regard. In the 1-2 nm particle size range, particles can be 

distinguished frctm the amorphous background o n l y  when fcgcLis, 
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a s t i g m a t i s m r  and s p e c i m e n  d r i f t  a r e  c l p t i m a l l y  c u n t r o l l e d .  A d e v i a t i a n  

of clnly a f e w  hundred  n m  f rom t h e  optimum fc tcus  c o n d i t i o n  w a s r  f o r  

e x a m p l e ,  f o u n d  t o  i n c r e a s e  t h e  " a p p a r e n t "  d i a m e t e r  u f  1.3 rim 

p a r t i c l e s  by a5 much as 0.4 nm. F u r t h e r m a r e ,  t h e  e l e c t r o n  e> :p~ i su i - e  

r e q u i r e d  t o  p e r f o r m  s u c h  mic roscopy  may s e v e r e l y  c o m p l e x i f y  t h e  

s i t u a t i o n  by  r a d i a t i o n  induced  c h a n g e s  i n  s p e c i m e n  and  s u p p u r t .  T h e s e  

c h a n g e s  may b e  i n t e n s i f i e d  by  s p e c i m e n  c a n t a m i n a n t s  and i m p r o p e r l y  

c o n t r o l l e d  e n v i r o n m e n t .  A n  app roach  of d i g i t a l  image  a n a l y s i s r  

i n v o l v i n g  F o u r i e r  t r a n s f o r m a t i c ~ n  of t h e  o r i g i n a l  image ,  f i l t e r i n g 5  

and image r e c o n s t r u c t i o n  is d i s c u s s e d  w i t h  r e s p e c t  t u  t h e  l i k e l i h o o d  

o f  unumbiguous ly  d e t e c t i n g  p a r t i c l e s  of less t h a n  1 r ~ m  d i a m e t e r  o n  

amorphuus  s u b s t r a t e s  f rom a s i n g l e  e l e c t r o n  m i c r o g r a p h .  Examples  are  

g i v e n  f o r  t h e  case of p a l l a d i u m  d e p o s i t s  on c a r b o n r  a l u m i n a ,  arid 

t i t a n i  a. 



I r u  RODUCT I ON 

A s  is w e l l  known f rom t h e  t h e o r e t i c a l  work o f  S c h e r z e r  E 1 3  and  t h e  

e x p e r i m e n t a l  work of Than C 2 I r  t h e  h i g h  r e s o l u t i c s n  b r i g h t  f i e l d  image 

o f  a n  amorphous s p e c i m e n  s u c h  a5 a c a r b o n  o r  a l u m i n a  suppc t r t  f i l m  

c o n t a i n s 9  e v e n  i f  t h e  f i l m  is p e r f e c t l y  p l a n a r  a n d  f e a t u r e l e s s 3  a 

m u l t i t u d e  af c a n t r a s t  f e a t u r e s  t h a t  depend i n  a m p l i t u d e 3  s i z e y  a n d  

d i s t r i b u t i c t n  o n  the f o c u s  c a n d i  t i o n  and  csn o t h e r  imaging  p a r a m e t e r s  

s u c h  as i l l u m i n a t i o n  a p e r t u r e  ( a  d e c r e a s i n g  a p e r t u r e  i n c r e a s e s  t h i s  

c o n t r a s t ) y  a c c e l e r a t i o n  v o l t a g e  ( d e c r e a s i n g  v o l t a g e  i n c r e a s e s  

a m p l i t u d e  a n d  s i z e  u f  c u n t r a s t  f e a t u r e s ) ,  a n d  a s t i g m a t i s m  ( a f f e c t s  

d i r e c t i o n a l i t y  of t h e  f e a t u r e s ) .  

Fctr  t h e  p u r p o s e  ctf t h i s  r e p c t r t r  i t  is h e l p f u l  t u  b r i e f l y  r e v i e w  t h i s  

w e 1  1 known p h a s e  c o n t r a s t  phenctmenon w i t h  p a r t i c u l a r  e m p h a s i s  u n  t h e  

p r a c t i c a l  i m p l i c a t i o n s  f o r  h i g h  r e s o l u t i o n  micrctscctpy o f  s m a l l  

p a r t i c l e s .  The dependence  o f  r e c i p r o c a l  s p a c e  f r e q u e n c i e s  ( s p e c i m e n  

d e t a i l s )  imaged w i t h  ctptimum p h a s e  c o n t r a s t  o n  t h e  d e v i a t i o n  f r o m  t h e  

exact ( G a u s s i a n )  fo rc r s  Az is g i v e n  by C3z41: 

I n  e q u .  ( 1 . 1  C= is t h e  s p h e r i c a l  a b e r r a t i o n  c o e f f i c i e n t  af t h e  

m i c r u s c u p e  a b j e c t i v e  l e n s z  2 is t h e  e l e c t r o n  wave l e n q t h z  M0 is t h e  

a p e r t u r e  a n g l e  c o r r e s p a n d i n g  t o  t h e  imaged s p a c e  f r e q u e n c y +  a n d  n is 

a n  i n t e g e r  w i t h  p r a c t i c a l  r e l e v a n c e  i n  t h e  r a n g e  -20 GI n e:: 5 -  F i g . 1  

shows a t y p i c a l  p l a t  o f  o(, v 5 .  Az. I t  s h o u l d  b e  n o t e d  t h a t s  i i i  

acccit-dai-ice w i  t t i  a j e n e r a l l y  a d o p t e d  c c t n v e n t i o n y  Lhe u n d e r ~ f u c u s  r e g i o n  

- 



has t h e  p u s i t i v e  s i g n  (because i t  a f f ec t s  a n  i n c r e a s e  o f  t h e  foca l  

l e n g t h ) .  P r a c t i c a l  irrraging c u n d i t i c t n s  f a l l i n g  i n  t h e  v i c i n i t y  of o n e  

o f  t h e  c u r v e s  a r e  necessa r -y  f o r  r e s c t l u t i o n  o f  t h a t  s p a c e  f r e q u e n c y .  

The p h a s e  c o n t r a s t  a m p l i t u d e  r e v e r s e s  i ts s i g n  b e t w e e n  5oI.i.d a n d  d a s h  

c u r v e s .  I n  p r a c t i c a l  i n t e r p r e t a t i c t n  o f  F i g .  1 a n  image ctf a "Fc tu r i e r -  

w h i t e "  s p e c i m e n 9  s u c h  a s  a n  amurphous spec imen  s u p p c t r t  f i l m r  w i  11 n o t  

b e  F o u r i e r - w h i t e  b u t  c o n t a i n  s p e c t r a l  r e g i o n s  o f  s p a c e  f r e q u e n c i e s  

w i t h  a l t e r n a t i n g  p h a s e  c o n t r a s t  a m p l i t u d e ,  s u c h  a s  shown w i t h  t h e  

f o u r  d i f f r a c t u g r a m s  p l a c e d  a t  t h e i r  a p p r o x i m a t e  r e s p e c t i v e  4 z  

p o s i t i o n s  a t  t h e  t o p  ctf F i g . 1 .  The r i n g s  i n  t h e  d i f f r a c t o g r a m s  are 

t h u s  d u e  t o  l i g h t  o p t i c a l  d i f f r a c t i o n  a t  g r a n u l a r  p h a s e  c o n t r a s t  

s t r u c t u r e s  t h a t  a p p e a r  i n  t h e  real image a n d  h a v e  c e r t a i n  s i z e  a n d  

d i s t a n c e  r e l a t i o n s h i p s  w i t h  e a c h  o t h e r  b u t  no c o n c l u s i v e  p r a c t i c a l  

r e l a t i o n  t o  t h e  spec imen  i t s e l f .  The s t r u c t u r e s  may appeai". sq s t r o n g  

i n  c o n t r a s t  t h a t  i t  would s e e m  i m p o s s i b l e  t o  d i s t i n g u i s h  images  u f  

real  p a r t i c l e s  f rom them i f  t h e s e  p a r t i c l e s  a r e  i n  t h e  same g e n e r a l  

s i z e  r a n g e .  ( T h e s e  bacl.::grctund s t r u c t u r e s  a r e r  o f  courses t h e  r - eason  

why t h e  t e n d e n c y  f o r  s m a l l  p a r t i c l e  w o r k  h a s  b e e n  t o  u s e  s i n g l e  

c i - y s t a l  s u p p o r t  f i l m s  C5-97 1. 

Ai3 example  o f  t h e  f o c u s  dependence  u f  t h e  p h a s e  c o n t r a s t :  s t r u c t u r e s  

is shown i n  F i g . 2  f o r  t h e  c a s e  o f  a p l a i n  c a r b o n  f i l m  w i t h  t h r e e  

m a r k e r  p a r t i c l e s  ( c i r c l e d  1 den ic lns t r a t ing  t h a t  t h e  s a m e  s p e c i m e n  area 

is shown i n  e a c h  mic rograph .  From ( a )  t o  ( d )  t h e  fcccus w a s  changed  

s a m e  a rea .  I t  is o b v i o u s  t h a t  a n y  sub-nanometer  s i z e  p a r t i c l e s  would 

b e  e n t i r e l y  l u s t  i n  t h i s  m u l t i t u d f .  o f  s u b s t r a t e  r e l a t e d  c . c t n t r a s t  

f e a t u r e s .  



On t h e  b a s i s  of t h e  s i z e  of t h e s e  p h a s e  c c t n t r a s t  backgrnund 

S t r u c t u r e s ,  w e  d i v i d e  t h e  task a t  hand i n  t w c s  g r o u p s ,  ( i )  p a r t i c l e s  

less t h a n  abctirt 1 nm i n  s i z e l  where  t h e  p a r t i c 1 . e  and  background 

s t r u c t u r e  s i z e s  a r e  a b o u t  the s a m e  a n d ,  c .c tnsequent ly ,  v e r y  d i f f i c u l t  

t o  s e p a r a t e ?  a n d  { i i )  p a r t i c l e s  l a r g e r  t h a n  a b o u t  1 nm where  t h e  

p a r t i c l e s  g e n e r a l l y  s t a n d  o u t  f rom t h e  background .  The l a t t e r  

c a t e g o r y  a l l a w s  t h e  u s e  o f  c o n v e n t i o n a l  p a r t i c l e  s i z e  a n a l y z e r s ,  t h e  

f o r m e r  r e q u i r e s  more e l a b o r a t e  a p p r o a c h e s  f o r  d e t e c t i o n  and  s i z e  

a n a l y s i s  o f  d e p o s i t  m e t a l  p a r t i c l e s .  

GENERAL I MAG I NG REC2I.J I HEMENTS 

I t  is h e l p f u l  t o  c o n s i d e r  some p r a c t i c a l  i m p l i c a t i a n s  o f  t h e  p h a s e  

c o n t r a s t  t r a n s f e r  c h a r a c t e r i s t i c  of a T'EM o b j e c t i v e  lek75 s u c h  as 

shown i n  F i g .  1 f o r  t h e  case o f  100 k V  a c c e l e r a t i o n  v o l t a g e  a n d  C= = 

a b  ei- r a t  i o n  

6zF=CF.!AU/U + 24B/B) ( lJ  is t h e  a c c e l e r a t i o n  vct l . taqe.  E3 is the 

m a g n e t i c  f i e l d  o f  t h e  o b j e c t i v e  l e n s  C31)? t h e  s p e c i m e n  suppc t r t  f i l m  

t h i c k n e s s  t!, a n d  t h e  p r e v a i l i n g  a s t i g m a t i s m  4 a  h a v e  f i n i t e  v a l u e s  

t h a t  c a u s e  t h e  imaging  c u n d i t i o n s  a p p l i c a b l e  t u  F i g . 1  to  take t h e  

s h a p e  of an e r r o i -  e l l i p s e  r a t h e r  t h a n  a m a t h e m a t i c a l  p o i n t  C41. I n  

t h i s  r e p r e s e n t a t i o n ,  M i l l  'would d e t e r m i n e  t h e  v e r t i c a l  axis: ,  and  a 

c o m b i n a t i a n  c s f  t;? b z F ?  and A a  the t i c t r i zon ta l  

I f  i t  i n c l u d e s  t h e  v i c i n i t i e s  o f  more t h a n  ctne cui-ve i n  F i q . 1 .  t i h i s  

-- - 

a x i s  u f  t h i s  e r r o r  d i s k .  



wuuld l e a d  ta a n  e f f e c t i v e  r e d u c t ; i o n  ctr e v e n  e x t i n c t i o n  o f  t h e  

r e s u l t  irty p h a s e  cui-i trast;  t r a n s f e r  ( r e s o l u t i o n ) .  W e  h a v e  inc lc ided  s ~ c h  

an e r r o r  e l l i p s e  f o r  a n  i l l u m i n a t i o n  a p e r t u r e  a n g l e  o f  a p p r o x i m a t e l y  

1 m5>:10-3 r a d i a n s  and  a spec jmen t h i c k i n e s s  of  50 nm ( a n d  a s suming  

p e r f e c t l y  c o r r e c t e d  a s t i g m a t i s m  a n d  n e g l i g i b l e  r e s i d u a l  c h r o m a t i c  

a b e r r a t i o n )  i n  t h r e e  d e f o c u s  pos1t;icrns. Spec imen d e t a i l s  o f  0.4 nm 

c a n  w e l l  b e  r e s o l v e d  at 130 nm u n d e r f o c u s ;  i n  t h e  exact  f o c u s  

c c t n d i t i o n s  CAz=O; Gauss i an  f o c u s )  c ~ r  a t  a l a r g e r  d e f o c u s  (5(3Q nm i n  

t h e  e x a m p l e )  II n e i g h b n r  i n g  c u n t r a s t ;  c u r v e s  of uppctsi te s i g n  a r e  

i n c l u d e d  i n  t h e  error arear  and 0.4 nm p h a s e  c o n t r a s t  i - e sc l lu t ion  w i l l  

b e  s t r u n g l y  impeded. 

T h i s  c i r c u m s t a n c e  can b e  u t i l i z e d  a5 a b e n e f i t  f o r  the t a s k  o f  

imag ing  s m a l l  p a r t i c l e s .  D u e  to t h e  h i g h e r  a t o m i c  s c a t t e r i n g  

a m p l i t u d e  of t h e  metal a tums  when compared t o  t h e  a t c j m s  u s u a l l y  

compr i s i n g  t h e  s u p p o r t  m a t e r i a l  amp1 i t u d e  coii trast  c a n  b e  u s e d  a5 

most  u s e f u l  c o n t r a s t  mechanism. T h i s  c a n  b e  d u n e  by a c o m b i n a t i o n  of 

two m i c r u s c c ~ p y  cc indi t ic tns :  ( i  1 by i r t c r e a s i n q  t h e  i l l u m i n a t i o n  

a p e r t u r e  a n g l e  s u c h  t h a t  for-  a wide  s p a c e  f r e q u e n c y  band a 

s i g n i f i c a n t  r e d u c t i o n  of t h e  p h a s e  c o n t r a s t  o c c u r s  i a t  the c h o s e n  

f o c u s  s e t t i n g ) .  and  ( i i )  try c h c f a s i n g  a d e f o c u s  s e t t i n q  most  pr--oIie t o  

y i e l d  t h e  least  p h a s e  c o n t r a s t  s e l e c t i v i t y .  T h e s e  r o n d i t i c i n s  a re  met 

i n  t h e  " p h a s e  c o n t r a s t  minimum" r e g i o n  ( t y p i c a l l y  s a m e  50 nm below 

t h e  G a u s s i a n  foccrs )  a n d  w i t h  a n  i l l u m i n a t i o n  a p e r t u r e  larqe compar.ed 

t u  t h e  s e p a r a t i u n  o f  tihe t w u  c r ' i t i c a l  p h a s e  coint i -as t  tr-ansifei C t i i  ves 

( w i t h  n = l  and  n = 2 )  i n  t h a t  A z  r e g i o n .  I n  p r a c t i c e .  o(,ll 5hut.tld be  :::. 

P>:l.C)-m r a d i a n s .  I t  wcttild af c u t ~ r s e  nc l t  pay t o  t o  ti-). tu w a s h  u t ~ t  

unwanted  p h a s e  c o n t r a s t  s t r u c t ~ t r e s  by d e l i b e r a t e l y  c15ing a t h i c k  

t J  



s p e c i m e n  s u p p o r t  f i l m .  I n  f a c t ,  t h e  s u p p o r t  f i l m  m u s t  b e  a5 t h i n  a5 

p a s s i b l e  i f  t h e  w e a k  a m p l i t u d e  s i g n a l  of v e r y  sma1I. m e t a l  p a r t i c l e s  

is t o  b e  d i s t i n g u i s h e d  f r u m  the ( w e a k  y e t  not; n e g l i g i b l e )  t h i c k n e s s -  

d e p e n d e n t  amp1 i t u d e  s i g n a l  o f  t h e  s t r b s t r a t e .  

O t h e r  t e c h n i q u e s  t h a t  o n e  might  c u n s i d e r  f u r  imag ing  v e r y  s m a l l  

s u p p o r t e d  m e t a l  p a r t i c l e s  by CTEM c o n c e n t r a t e  can t h e  e l i m i n a t i o n  of 

t h e  p h a 5 e  c o n t r a s t  s e l e c t i v i t y  phenomenon a l t o g e t h e r .  T h i s  can b e  

a c h i e v e d  b y  u s i n g  s t r o n g l y  i n c o h e r e n t  i l l u m i n a t i o n s  s u c h  a s  w i t h  a n  

a n n u l a r  c o n d e n s e r  a p e r t u r e  C101 or by combin ing  s u b s t a n t i a l l y  

c o h e r e n t  i 1 l u m i n a t i o n  w i t h  i n t e r f e r e n c e  o f  d i f f r a c t e d  beams o n l y ,  

s u c h  a s  i n  central  d a r k  f i e l d  microjscupy C31 cii- s e l e c t e d - z o n e  d a r k  

f i e l d  microsctspy (SZDF; C111). The d i s t u r b i n g  s p a c e  f r e q u e n c y  

c o n t r a s t  t r a n s f e r  s e l e c t i v i t y  c a n  a l s o  b e  d e c r e a s e d  by u s i n g  

i n t e r f e r e n c e  be tween  t h e  u n d i f f r a c t e d  beam and o n l y  one u f  t h e  

a i f f r a c t e d  beams ( s u c h  a= wi th  a s e m i - c i r c u l a r  a p e r t u r e  C121 clr w i t h  

a c a m b i n a t i a n  of annu la r -  c o n d e n s e r  and a n n u l a r  ub j e c t i v e  a p e r t u r e s  

C 3 r 4 s 1 0 r 1 1 1 ) .  P h a s e  s h i f t  o b j e c t i v e  a p e r t u r e  d i a p h r a g m s  C131 h a v e  

a150 b e e n  a t t e m p t e d  t o  reduce t h e  c c ~ n t r a s t  t r a n s f e r  s e l e c t i v i t y .  

Whereas  SZDF mici-c~sccapy i5  pctwei-ful i n d e e d  f o r  imaging  a n d  mapping 

o r d e r e d  s t r u c t u r e s  C 3 , l l  141 i t  fai 1s fa r  p a r t i c l e s  s m a l  lei- t h a n  

a b o u t  1.5 n m  i n  5 i z c z  i n  p a r t i c u l a r  i f  t h e  a t o m s  c o m p r i s i n q  t h e  

p a i - t i c l e s  a re  n c ~ t  ( y e t )  w e l l  o r d e r e d .  Recen t  r e s e a r c h  o n  s m a l l  

p a r t i c l e s  i n  c ~ u r  l a b o r a t o r y  C151 has shown t h a t  t h e  s t r u c t i i r c  o f  v e r y  

s m a l l  m e t a l  c l u s t e r s  m a y  i ndeed-  n o t  be we1 1 d e v e l o p e d .  F o r  imag ing  

n a r l o m e t e r - s i z e  p a r t i c l e s ?  i t  isy t h e r e f o r e .  a d v i s a b l e  t o  ~ ; e l e c t  a 

_- 

t e c h n i q u e  tha t ;  doe.. n o t  depend on  kragg d i f f r a c t i o n  a5 c o n t r a s t  

mechanism and  t h u s s  d o e 5  not a -p r i c t r i  e x c l u d e  p o u r l y  s t r - i ~ t i - i r e d  



p a r t i c l e s .  M i c r a s c o p y  w i t h  other unconvent io?a! .  c b j e c t i v e  i?perti:res9 

s u c h  a s  s e m i - c i r c u l a r  a p e r t u r e s  a1 lowing  t h e  u n d i f f r a c t e d  beam to 

b a r e l y  p a s s  i n  t h e  c e n t e r  o f  t h e  semi-circle C 1 2 3  o r  p h a s e  Fi la tes  

E 1 3 1  h a v e  s e l d o m  b e e n  u s e d .  I t  h a v e  b e e n  m o s t l y  e x p e r i m e n t a l  

d i f f i c u l t i e s ,  s u c h  as e x c e s s i v e  a s t i g n l a t i s m  c a u s e d  by c h a r g i n g  o f  t h e  

a p e r t u r e  d u e  t o  a n  u n c o n t r c t l l e d  b u i  Id-up o f  c o n t a m i n a t i o n  a t  t h e  

a p e r t u r e ,  and  o f  c o i . ~ r s e  m a n u f a c t u r i n g  d i f f i c u l t i e s  o f  t h e  a p e r t u r e  

itself t h a t  h a v e  p r e v e n t e d  t h e s e  t e c h n i q u e s  t u  become p r a c t i c a l  

a 1 t er n a  t i ves f o r  i mag i ng 5 t . t  b -nano me t er s i ze p a r  t i c 1 es . 

PART I CLE 1 DENT I F  I CAT I O N  BY CORKELAT I ON 

The c i r c u m s t a n c e  t h a t  t h e  t r a n s f e r  of p h a s e  c c ~ n t r a s t  o f  sub-nanometer  

s p e c i m e n  d i s t a n c e s  can be m a n i p u l a t e d  w i t h  t h e  f u c u s  s e t t i n g  and 

o t h e r  imag ing  p a r a m e t e r s  s u q g e s t s  t h a t  o n e  c r i t e r i o n  o f  d e f i n i t e  

r e c o g n i t i o n  o f  v e r y  s m a l l  metal p a r t i c l e s  on  amorphuus s u b s t r a t e s  

m i g h t  b e  t h e  s p a t i a l  c o r r e l a t i o n  of imaged i n t e n s i t i e s  i n  s e v e r a l  

m i c r o g r a p h s  t a k e n  u n d e r  d i f f e r e n t  m i c r a s c o p y  c o n d i t i o n s  t h a t  a f f e c t  

t h e  a m p l i t u d e  c o n t r a s t  c1.f t h e  p a r t i c l e s  o n l y  l i t t l e  b u t  ca~.tse? 

s u b s t a n t i a l  d i f f e r e n c e s  i n  p h a s e  c o n t r a s t  image f e a t u r e s .  I n  

p r a c t i c e ,  any o n e  f e a t u r e  t h a t  c o n s i s t e n t l y  a p p e a r s  i n  a l l  of t h e s e  

m i c r o g r a p h s  is l i k e l y  t o  be a p a r t i c l e s  w h e r e a s  f e a t u r e s  v i s i b l e  u n l y  

i n  a m i n o r i  ti.' csf t h e  m i c r o g r a p h s  a~' f3 i d e n t i f i e d  a s  merely s:..tppc;rt. 

r e l a t e d .  { l n l e s s  ai-[ e l a b o r a t e  c o m p u t e r i z e d  imaqe ccimpai-isctn s y s t e m  is 

7- L 

a v a i l a b l e ,  t h i s  method is p r o n e  to b e  tedictirs and t ime-cans i tmirq .  A n  

e x a m p l e  (F'd/carbcii7) is g i v e n  i n  F i q . 3 .  L i n e s  < a )  and Cb) w e r e  taLri-1 



w i t h  a s~;a! l  c i b j e c t i v e  apertu;-e rwar. the G a u s s i a n  f o c u s  and irt slight 

u n d e r f o c u s 3  r e s p e c t i v e l y .  L i r e  ( c  was was t a k e n  n e a r  t h e  Gai rss ian  

w i t h  a l a r g e  o b j e c t i v e  aperti .rr-e.  L i n e  i d )  is a s u p e r p a s i t i o n  of fot.ti- 

e x p o s u r e s  a t  1 0 0  nm f u c u s  d i f f e r e n c e  ( s t a r t i n g  a t  G a u s s i a n  f o c i r s  and 

g o i n g  toward  u n d e r f u c u s )  u s i n g  t h e  Saffe l a r g e  a p e r t u r e  as i n  ( c )  . 
Whereby i t  watrld b e  h i g h l y  q u e s t i o n a b l e  t o  i d e n t i f y  p a l l a d i u m  

p a r t i c l e s  i n  a n y  one  i n d i v i d u a l  m i c r a g r a p h r  t h e  c o r r e l a t i o n  i n  a l l  

f o u r  images  ( r o w  Cc)) s u g g e s t s  w i t h  f a i r  a c c u r a c y  t h a t  thc lse  

in tens i t ies  t h a t  co inc ide  i n  a l l  f o u r  images  are p a r t i c l e s .  The 

c o r r e l a t e d  p a r t i c l e s  a re  h i g h l i g h t e d  i n  r o w  Cc). H a w  ( a )  shows t h e  

r e s p e c t i v e  o p t i c a l  d i f f r a c t i o n  p a t t e r n s .  I n  t h i s  pa r t i cu la r  example 

of Pd/C, t h e  c o r r e l a t i o n  mcthad e s t a b l i s h e d  t h a t  t h e  s a t u r a t i c ~ n  

p a r t i c l e  number d e n s i t y  had  a l r e a d y  b e e n  r e a c h e d  i n  t h i s  v e r y  e a , - l y  

s t a g e  caf cji-clwth (see I: 151).  

P ~ R T I C L E  RECCIGNITION A r m  SIZE ANF;L.YSIS WITH IMAGE ANALYZERS 

nnce  t h e  p a l - t i c l e s  ai-e l a r g e  e n o t q h  tci b e  e a s i l y  d e t e c t e d  o n  an 

amctrphctus s u b s t r a t e ,  c t s e  s f  an ai-ialogcte or d i g i t a l  image arcalyzei- is 

e f f e c t i v e  for t h e  n e x t  s t e p s  of a d e p o s i  t /st . .~bstr .ate/pnvirorrtnerit  

a n a l y s i s ,  s u c h  a s  count  i n s ,  area c o v e r a g e  meascrr-ernents!, and p a r t i c l e  

s i z e  d i s t r i b u t i o n  d e t e r m i n a t i o n .  

T y p i c a l l y ,  t h e  i n s t r u m e n t s  w i th  which  such a n a l y s i s  is p e r f o r m e d  

c c 1 n 5 i s t  of a v i d e o  s y s t e m  and a n  image p r o c e s s i n g  s y s t e m .  For a n  

a n a l y s i s  of p a l l a d i u m  p a i - . t i c l e s  on  a l u m i n a ,  t i t a n i a .  and c a r b o n  



s u b s t r a t e s ,  w e  h a v e  emplctyed a fli.raat.imet 720 f a c i l i t y  w j . t h  

e p i d i a s c o p e - T V  p i c k u p  ctf EM images p r i n t e d  a t  1 ,0c709000 X 

m a g n i f i c a t i o n .  A 3C)-mm f o c a l  l e n g t h  TV camera ctb j e c t i v e  l e n s  w a s  

u s e d ,  g i v i n g  a r e s o l u t i a n  o f  0.09 nm p e r  p i x e l .  A majcir  d i f f i c u l t y  is 

s h a d i n g  c o r r e c t i o n  of t h e  background which 15 u s u a l l y  somewhat u n e v e n  

a v e r  t h e  s i z e  o f  t h e  image t o  b e  a n a l y z e d .  The b u i l t - i n  s h a d i n g  

corrector- is d e s i g n e d  t o  c o r r e c t  f o r  uneven  e p i d i a s c o p e  i 1lirmir.iatictn 

o n l y .  I t s  use i n  CGnjUnCtiCtn w i t h  a n  EM m i c r o g r a p h  w i t h  s m a l l  

p a r t i c l e s  is o n l y  a d v a n t a g e o u s  a f t e r  s t r o n g  d e f o c u s s i n g  t h e  image 

w i t h  t h e  T V  camera o b j e c t i v e  l e n s r  b l u r r i n g  t h e  i n d i v i d u a l  p a r t i c l e s  

t u  s i z e 5  l a r g e r  t h a n  t h e  i n d i v i d u a l  s h a d i n g  c c i r r e c t i o n  e l e m e n t s  which  

are  t y p i c a l l y  10x10 t u  15x15 p i x e l s .  Employing s h a d i n g  c o r r e c t i c t n  t o  

fc tcused  i m a g e s  c a n  a c t u a l l y  h a v e  a d i s t i n c t  n e g a t i v e  effect  i n  t h a t  

t h i s  t e n d s  t a  lower  t h e  c c t n t r a s t  o f  t h e  p a r t i c l e s  w i t h  r e s p e c t  to t h e  

b a c k g r o u n d .  On t h e  a t h e r  hand ,  p a r t i c l e  s i z e  a n a l y s i s  may become 

m e a n i n g l e s s  o r  i n c o n c l u s i v e  w i  t h a u t  p r o p e r  s h a d i n g  c o r r e c t  i o n  t h a t  

a s s u r e s  t h a t  t h e  p a r t i c l e  c o n t r a s t  d i s c r i r n i n a t i c t n  occ-i.irs a l w a y s  a t  

t h e  s a m e  l e v e l  w i t h  respect t o  t h e  s u b s t r a t e .  

I n  a r d e r  to avctid s y s t c m a t i c  ei- i -01r5 s tcmming f r o m  t h e  s u b j e c t i v e  

c h o i c e  u f  t h e  image d i s c r i m i n a t i o n  l e v e l s ,  w e  c h o s e  a method wtlereby 

e a c h  s h a d i n g  c u r r e c t e d  image w a 5  a n a l y z e d  w i t h  a series o f  

d i s c r i m i n a t i o n  s e t t i n g s ?  s t a r t i n g  w e l l  be low and  e n d i n g  w e l l  ahcave 

what  wucild s e e m  t h e  most  a p p r o p r i a t e  s e t t i n g .  D e f i n i t e  c c t n c l i \ s i u n s  

w e r e  drawn o n l y  w i  ttr respect tcf*thclsF f e a t u r e s  i n  t h e  r t ? r c r l t j . r ! g  

h i s t o g r a m s  t h a t  w e r e  r e p r o d u c e d  i ) n  each  or most  o f  t h e  ind iv id t . t a1  

7.- - 

m e a s u r e m e n t s .  I n  a d d i t i o n s  s e v e r a l  micrc tgraphs  o f  t h e  same s p e c i m e n  

t y p e  w e r e  e v a l u a t e d .  



An e x a m p l e  of a s p e c i m e n  w i t h  a p p r o x i m a t e l y  E! nm d i a m e t e r  p a r t i c l e s  

of p a l l a d i u m  o n  a n  arnurphoc.ts (30 nm t h i c k )  T i n e  f i l m  I., shown i n  

F i g . 4 ,  The c o r r e s p o n d i n g  s i z e  d i s t r i b u t i u n  h i s t o q r a m s  are shown fur- 

f o u r  d i s c r i m i n a t i c t n  s e t t i n g s .  Common to m u s t  o f  t h e  i n d i v i d u a l  

h i s t o g r a m s  are ( a )  a r a p i d  d e c r e a s e  o f  t h e  p a r t i c l e  c o u n t  f u r  v e r y  

s m a l l  s i z e  c lasses ,  ( b )  a minimum a t  a b o u t  1.1 - 1.3 n m r  ( c )  a m a j o r .  

peak  a t  a b o u t  2 .1  nm p a r t i c l e  sizer and  ( d )  t h r e e  minor  p e a k s  ( a t  

1.4, 2.4:. and  3.0 nm. W e  a t t r i b u t e  t h e  i n i t i a l  poi-tictn o f  t h e  

h i s t u g r a m s  t o  p h a s e  c o n t r a s t  background  f e a t u r e s  and  o n l y  i d e n t i f y  

t h o s e  h i s t o g r a m  s i z e  classes beyctnd 0.8 n m  a s  p a l l a d i u m  p a r t i c l e s .  

F i g  .5 s h a w s  t h e  c o r r e s p c t n d i n g  resi.\lts for a s a m p l e  t h a t : .  trnder 

ca the rwise  i d e n t i c a l  c o n d i t i o n s : .  had  b e e n  s u b j e c t e d  t a  a s h o r t e r  

d e p o s i t i o n  t i m e  ( a b o u t  1 / 3  of t h a t  u s e d  f o r  F i g . 4 ) .  The main peak of 

I 
I 

t h e  s i z e  d i s t r i b u t i o n  is now at 1 . 3  nm, and a minor  peak is at 1.8 

nm. F i g . 6  shows t h e  s a m e  spec imen  d e t a i l  area and c o r r e s p o n d i n g  

h i s t o g r a m s r  w i t h  t h e  o n l y  d i f f e r e n c . e  b e i n g  t h e  f o c u s  s e t t i n g  i n  t h e  

o r i g i n a l  m i c r o g r a p h  ( a b u t i t  200 nm v5. 1 O O  nm i r n d e r f o c u s r  

r e s p e c t i v e l y ) .  T h i s  r e l a t i v e l y  minor  focus s h i f t  r e s u l t e d  i n  a n  

a p p a r e n t  i n c r e a s e  ctf t h e  mean p a r t i c l e  s i z e  by  apprax ima t t ? ly  0.4 nrn 

t o  1 . 7  nm:. and a s h i f t  of t h e  minctr peal: ta a b o u t  2.3 n m .  A s e c o n d  

minctr peak  now a p p e a r s  a t  0.8 n m  p a r t i c l e  s i z e : .  but; w e  q ~ t c s t i o n  t h a t  

t h i s  is c l e a r l y  a p a r t i c l e  peak and  n o t  m e r e l y  a remnant  f rom t h e  

sub 5 t r a t e p h a se c u n t r a 5 t f e a t  t-t i- es . 
. 

- 



OPTICAL IMAGE. FILTERING 

I t  h a s  b e e n  s u g g e s t e d  t o  a t t e m p t  t o  e l i m i n a t e  t h e  p h a s e  c o n t r a s t  

p redominance  i n  an amurphous s u b s t r a t e  w i t h  r e s p e c t  t o  nanometer- s i z e  

m e t a l  p a r t i c l e s  by f i l t e r i n g  o u t  c e r t a i n  s p a c e  f r e q u e n c i e s  i n  t h e  

d i f f r a c t o g r a r n  [161 a n d  s u b s e q u e n t  image r e c o n s t r u c t i o n .  T h i s  c a n  b e  

a c c o m p l i s h e d  o n - l i n e  w i t h  o p t i c a l  methuds  ( s t a r t i n g  f rom t h e  o r i g i n a l  

m i c r o - n e g a t i v e )  or w i t h  a compciter. 

A n  example  o f  t h e  o n - l i n e  o p t i c a l  a p p r o a c h  is p r e s e n t e d  w i t h  F i q . 7 ,  

shclwing a Pd/C d e p o s i t  w i t h  1.5 n m  mean p a r t i c l e  s i z e  n e a r  G a u s s i a n  

f o c u s  ( t a p )  and  a t  apprc tx ima te ly  2QO n m  i.tnderfctcus ( b o t t o m  l i n e ) .  I n  

(a) , t h e  o p t i c a l  d i f f r a c t i o n  p a t t e r - n s  ( d i f f r a c t o g r a m s )  of t h e  

s p e c i m e n  area shown i n  ( b )  are shrJwn. They c o n t a i n ,  n e x t  t o  t h e  u s u a l  

s u b s t r a t e - r e l a t e d  i n t e n s i t y  p a t t e r n ,  a b r i g h t e r  z o n e  i n  t he  c e n t e r  

(see m a r k e r - )  which s t e m s  f rom d i f f r a c t i o n  a t  t h e  p a r t i c l e s  arid 

i n d i c a t e s ,  by c a l i b r a t i o n  af t h e  d i f f r a c t a q r a m ,  t h e i r  a p p r o x i m a t e  

s i z e  d i 5 t r i b t . i t i c t n .  I f  a s m a l l  ape r t i r r - e  is i n s e r t e d  i n  t h e  

d i f f r a c t o m e t e r  s e t - u p ,  f i l t e r i n g  a u t  a l l  s p a c e  f r e q t . \ e n c i p s  

s u b s t a n t i a l l y  l a r g e r  t h a n  t h i s  p a r t i c l e - r e l a t e d  c e n t r a l  r e g i c l n ,  a n d  

i f  s u b s e q u e n t  o p t i c a l  image r e c o n s t r u c t  i o n  is made, t h e  m i c r - o q r a p h s  

o f  F i g . 7 ( d )  r e s ~ t l t .  They e x h i b i t ,  i n  a d d i t i o n  t u  i n h e r e n t  c o n t r a s t  

r e v e r s a l  a s i g n i f i c a n t l y  i n c r e a s e d  c o n t r a s t  be tween  t h e  p a r t i c l e s  

( b r i g h t  ) and t h e  backgrctu-id. Furtherrriclre,  t h e  d i . f f e r e n c e  b e t w e e n  t h e  

t w o  f o c u s  s e t t i n g s ,  a f fec t  inq t Q e  p a u . t i c l e  c c ~ n t c ~ c t r s  i n  the o r i q i n a l  

m i c r o - n e q a t i v e s ,  nu l o n g e r  exists. F i q . 7 ( c : )  ~ , h o w s  fctt- reascti-iE, c1.f 

*-- .. - 

cc4mplet i o n  t h e  s a m e  i - e ~ ~ i i - i s t ~ - ~ ~ t e d  images  wit:hout c f p t i c a l .  s p a r e  

f r e q u e n c y  f i l t e r i n g .  A s  expected,  i d e n t i f j . c a t ; i a r \  of t h e  p a r t i c : l e s  15 



here somewhat more d i f f i c c r i  t on  the more i.tneveri backgi-ct\dnd when 

cctmpai-ed t o  t h e  f i 1 t e r e d  images (d) I 

COMPUTERIZED IMAGE FILTERING 

O p t i c a l  f i l t e r i n g  is i n  p r a c t i c e  l i m i t e d  t o  a f e w  e x t r e m e  c c ~ n d i t i o i - i s ~  

s u c h  a5 h i g h - p a s s  f i l t e r i n g  ( i . e . r  f i l t e r i n q  l a r g e  specin\el"i 

d i s t a n c e s )  , u s i n g  a b e a m  s t o p  a p e r t u r e r  low-pass  f i l t e r i n g ?  u s i n g  a 

c i r c u l a r  a p e r t u r e  ( F i g . 7 )  o r  a c r rmbina t ian  n f  b o t h ,  u s i n q  a n  anni . t lar  

a p e r t u r e .  F\. tr thermctre,  i t  seems d i . f f  i c u l t  tct e l i m i n a t e  secct:lndar-y 

d i f f r a c t i o n  effects a t  t h i s  a p e r t u r e  and f rom o t h e r  cctmponents o f  t h e  

o p t i c a l  bench  i n  t h e  r e c o n s t r u c t e d  image (see cir-cctlar f e a t u r e s  i n  

F i g .  7 ( d ) ) .  

Image f i l t e i - i n g  cctuld become more m e a n i n g f u l  and p o w e r f u l  i f  i n s t e a d  

of r igaroc . t s  l o w i h i g h  p a s s  f i l t e r i n g r  t h a t  and  o n l y  t h a t  p a r t  o f  t h e  

Fctui-iei- s p e c t r u m  ( d i f f r a c t o g r a m )  c o u l d  be e1 i m i n a t e d  t h a t  C C I T T ~ S ~ C I ~ - I ~ S  

t o  t h e  s u p p o r t  background  w h i l e  t h e  e n t i r e  F o u r i e r  spectrt.trn o f  t .he  

p a r - t ; i c l e s  woci1.d r-emcain. Fo r  t h i s ?  ctr- i n  p r a c t i c e  fc t t -  any T i  l t e r i n g  

o the r -  than d i r e c t  low/ 'hiqh pass f i l t e r i n s ,  d i g i t a l  image p r o c e s s i n g  

would s e e m  t h e  a p p r o p r i a t e  means. The f o l l o w i n g  tasks  wottld be 

i n v o l v e d :  (a) d i g i t i z i n g  u f  t h e  p r i m a r y  image (256 x 256 p i x e l 5  

i2Ei g r e y  l e v e l s  are g e r e r a i .  ly si.ttiirj.ent and w a r r a n t  r e a s u u a b i y  

cctmput;ing times e v e n  w i t h  s t a t e - o f - t h e - a r t  m i c r a c o m p ~ i t e r s ;  ( b )  

* - 
a n d  

5i-Icti- t 

F o u r i e r  t r a n s f o r m a t  iar i  o f  this image I t h e  Fc:lur- ~ P Y -  c o e f f i c i e n t s  must 

be s e p a r a t e d  i n  r e a l  airid 'imaginai-.y p a r t 5  f o r  fL.ii-.ther r n a r i i p u l a t i o n )  j 



(c) 2 - d i m e n s i n n a l  videcl  presentation o f  t h e  F c ~ t t r i e r  spect;r-tini 

( d i f f r a c t o g r a m )  f o r  easy r e c c f g n i t i u n  o f  mai.n c h a r a c t e r i s t i c s  s u c h  as 

r e s i d u a l  a s t i g m a t i s m  arid f o c u s  s e t t i n g ;  ( d )  mathemat ; i ra l  mar i i ,pu la t iun  

o f  t h e  F o u r i e r  cocff  i c i e n t s  (51.1rh as m u l t i p l i c a t i o n  w i t h  a fririrt ic ln 

o f  t h e  space f r e q u e n c y )  ; ( e )  r-e?crur.~struction and v i d e o  p r e s e n t a t i c t n  o f  

t h e  m a n i p u l a t e d  image; a n d ,  o f  C C I I . ~ T " E ~ ~ ~  I f )  cctunt;ingv area cc:ivfrrager 

and s i z e  a n a l y s i s  measurements  w i t h  t h e  r e c o n s t r u c t e d  image. 

. 



DISCUSSION AND PROSPECTS 

B a s i c  D i f f e r e n c e s  Between " S t a n d a r d "  Hiqh R e s o l u t i o n  TEM and  S m a l l  

P a r t i c l e  Imaging  

P r o b a b l y  t h e  s i n g l e  m u s t  i m p o r t a n t  c o n c l u s i o n  f rom t h i s  work is t h a t  

t h e  r e q u i r e m e n t s  far ( h i g h - r e s o l u t i c i n )  d e t e c t i o n  and  imaging  o f  v e r y  

s m a l l  d e p a s i  t m e t a l  p a r t i c l e s  o n  amarphous  s u b s t r a t e s  a r e  

s u b s t a n t i a l l y  d i f f e r e n t  f rom t h e  ' ' s t a n d a r d "  h i g h  r e s o l u t i o n  CTEM 

imaging  r e q u i r e m e n t s .  For  example!,  l a t t i c e  p l a n e s  are easiest 

r e s a l v e d  a t  a d e f a c u s  s e t t i n g  n e a r  t h e  apex  o f  a p h a s e  c o n t r a s t  c u r v e  

( F i g . 1 )  s u i t e d  f u r  t h e  s p a c e  f r e q u e n c y  t o  b e  r e s o l v e d  C31. For 

example!,  u n d e r  axial  i l l u m i n a t i a n  c o n d i t i o n s  a t  100 k V  a c c e l e r a t i o n  

v o l t a g e ! ,  p a l l a d i u m  C 1 1 1 3  l a t t i c e  p l a n e s  (0.225 n m  s p a c i n g )  wuuld b e s t  

b e  r e s o l v e d  a t  a b o u t  615 n m  u n d e r f o c u s  ( w i t h  t h e  n=22 chrac te r i s t ic ! ,  

u s i n g  t h e  r e l a t i o n  d z l O ( o ) = C =  C31), if t h e  s p h e r i c a l  a b e r r a t i o n  

c o e f f i c i e n t  h a p p e n s  t o  b e  2.25 mm. Images o f  0.45 nm s p a c i n g s  o f  m i c a  

l a t t i c e  p l a n e s  would r e q u i r e  a n  aptimum d e f a c u s  o f  150 nm and  wuuld 

u s e  t h e  a p e x  of t h e  n=-1 c u r v e .  T h i s  i n d i c a t e s  t h a t  t h e  optimum 

defc tcus  may b e  s u b s t a n t i a l l y  be low t h e  G a u s s i a n  f o c u s  s e t t i n g 7  

w h e r e a s  f o r  s m a l l  p a r t i c l e  d e t e c t i o n  and imaging  t h e  r e g i o n  n e a r  t h e  

G a u s s i a n  f u c u s  ( some 50 nm u n d e r f o c u s )  is c l e a r l y  p r e f e r a b l e .  

Fu r the rmore ! ,  r e l a t i v e l y  l a r g e  i l l u m i n a t i o n  a n g l e s  qkll a r e  q e n e r a l l y  

p r e f e r a b l e  f o r  small p a r t i c l e  r & s u l u t i o n  on amarphuus  sutx&rates:. 

w h e r e a s  s m a l l  i 1 l u m i n a t  i o n  a p e r  t ;ur.es a r e  o f  t e n  u s e d  fur s t a n d a r d  h i g h  

.. 

resc t lu t ican  micrctscctpyr b e c a u s e  t h i s  a1 IGWS easier astiqmatism 

c o r r e c t  i o n  ( b e t t e r  recc tqni  t i u i i  o f  t h e  phase c o n t r a s t  background  



s t r u c t u r e s  u s e d  f o r  t h i s  p u r p o s e )  and g e n e r a l l y  f a v u r s  imag ing  af 

p h a s e  c o n t r a s t  f e a t u r e s  (which a.re f a r  t c ~ c ~  cafhen i n d i s c r i m i n a t e l y  

c o n s i d e r e d  d e s i r a b l e  and  i n t e r p r e t e d  as i n t r i n s i c  s p e c i m e n  d e t a i  1s) .) 

Lower a c c e l e r a t i o n  v a l t a g e s  I50 - 1 0 0  k V )  are  a l s c t  mare e f f e c t i v e  fur 

s m a l l  p a r t i c l e  i m a g i n g ,  b e c a u s e  t h i s  h e l p s  e m p h a s i z e  t h e  c r i t i c a l  

a m p l i t u d e  c u n t r a s t  r e q u i r e d  f o r  t h i s  t a s k ,  a s  uppcssed t o  v u l t a g e s  up 

t o  10CKh k V  t h a t  are o f t e n  c o n s i d e r e d  d e s i r a b l e  f o r  u l t i m a t e  

r e s o l u t i o n  m i c r a s c u p y .  A s  example ,  w e  p o i n t  t u  F iq .€I r  which shows t h e  

same s a m p l e  area o f  A u / C  far t h e  case o f  25, 50, 75, and 1 0 0  k e V  beam 

e n e r g y ,  c l e a r l y  i n d i c a t i n g  t h e  t e n d e n c y  o f  d e c r e a s i n g  c a n t r a s t  w i t h  

i n c r e a s i n g  beam e n e r q y  ( s e e  alsct C 171). 

k n o t h e r  i m p o r t a n t  d i f f e r e n c e  is t h a t  i t  is is f ten essei3tial ti. W i t i - k  

w i t h  beam i n t e n s i t i e s  a t  which p a r t i c l e / s u b s t r a t e  i n t e r a c t i c s n  is 

min imized .  A s  w a s  shown i n  r e f .  C181, t h i s  i n t e r a c t i n n  may b e  

s u b s t a n t i a l  and may r e q u i r e  o p e r a t i n g  t h e  TEM a h  minimum r e q u i r e d  

magni f  i c a t i u n  a n d / o r  w i t h  high-speed image r e c o r d i n g  C191. T y p i c a l l y ,  

a n  e l e c t r o n  o p t i c a l  m a g n i f i c a t i o n  o f  1 0 0 s O O O  X may w e l l  b e  a l l  t h a t  

is r e q u i r e d  ta image sub-nm s i z e  p a r t i c l e s .  Us ing  s t a n d a r d  TEM 

phct tc tgraphic  mater ia l  w i t h  a r e s c ~ l i \ t i o r ~  c a p a b i l i t y  ctf b e t t e r  t h a n  15 

micrc tme te r s ,  d e t a i  1s of 0.  15nm can t h e n  b e  r e s n l v e d  ( b u t  r e q u i r e  

p r o p e r  l i g h t - a p t i c a l  m a g n i f i c a t i o n  o f  t h e  m i c r o n e g a t i v e s )  . C u r r e n t  

d e n s i t i e s  o f  t h e  u r d e r  clf *: l0-l CS/crne a r e  s t i f f i c i e n t  for- s u c h  

m i c r c ~ s c c ~ p y ,  ,515 a p p o s e d  t o  i n t e n s i  ti695 Over 1 0  A / c m e  t h a t  are o f  t e n  

u s e d  w i t h  s t a t e - o f - t h e - a r t  micrctscctpes o p e r a t i n g  a t  5 0 0 9 0  t o  1 
1 

- 
M i l l i o n  X e l e c t r o n  u p t i c a l  maqnif i c a t i u n .  and  f u r t h e r  r e d c t c t i u n  o f  

t h e  i n t e n s i t y  t n  t h e  10--3 A/cmE r a n g e  is p o s s i b l e  w i t h  e f f i c i e n t  

image i n t e n s i f i e r s ,  w h i  le  m a i n t a i n i n g  scrb-nm r e s o l u t i u n  C 191. 



T e c h n i q u e s  R e q u i r e d  f o r  S m a l l  P a r t i c l e  Imaging by CTEM 

P r o b a b l y  t h e  most  p e r s u a s i v e  a rgument  far  o p e r a t i n g  nea r  t h e  G a u s s i a n  

f o c u s  is p r e s e n t e d  w i t h  F i g s . 5  and 6 which c l e a r l y  show t h a t  t h e  

a p p a r e n t  p a r t i c l e  s i z e  is d e c i s i v e l y  a f f e c t e d  by t h e  f o c u s  s e t t i n g ,  

a1 1 o t h e r  p a r a m e t e r s  b e i n g  e q u a l .  Whereas  t h i s  o b s e r v a t i c m  a l o n e  d o e s  

n u t  a s s u r e  t h a t  p a r t i c l e  s i z e  measurement  f o r  c o n d i t i o n s  n e a r e s t  tcl 

t h e  G a u s s i a n  f o c u s  a r e  mos t  r e p r e s e n t a t i v e  ctf t h e  specimen9 t h e r e  are 

o t h e r  w e 1  l-known p e r s u a s i v e  r e a s c ~ r ~ s  t h a t  du f a v o r  t h i s  

i n t e r p r e t a t i o n .  I n  p a r t i c u l a r  .. t h e  c a n t r a s t  t r a n s f e r  is s t e e p e s t  a t  

t h i s  f o c u s  c o n d i t i o n  ( b u t  d o e s  n o t  i n c l u d e  F r e s n e l  s h o l d e r s  t h a t  t e n d  

t o  a r t i f i c i a l l y  e n h a n c e  t h e  c o n t r a s t  o f  t h e  u n d e r f o c u s e d  or 

o v e r f o c u s e d  i m a g e ) ,  which  is c r i t i c a l  f u r  c o r r e c t  d i s c r i m i n a t i o n  w i t h  

image  a n a l y z e r s .  Our f i n d i n g s  show t h a t  a d e v i a t i o n  o f  a5 l i t t l e  a5 

100 nm i n  d e f c ~ c u s  c a n  s h i f t  t h e  measured  s i z e  classes by as much as 

0.4 nm. G e n e r a l l y ,  p a r t i c l e s  a p p e a r  l a r q e r  when imaged c u t  o f  f o c u s . .  

T h e  p h a s e  c c ~ n t r a s t  t r a n s f e r  c h a r a c t e r i s t i c  ( F i g .  1 )  is a p r a c t i c a l  

t o o l  t o  t a y l o r  optimum imaging c c ~ n d i t i o n s  f o r  t h e  t ask  a t  hand .  I n  

p a r t i c u l a r  i t  ~ ; ~ i g q e s t s  t h e  most a p p r o p r i a t e  i l l c . u n i n a t i o n  a p e r t u r e  

a n g l e  and  f u c u s  s e t t i n g s  tci use. 

c 

Image a n a l y z e r s  c a n  b e  r n o s t _ h e l p f u l  o n l y  for- p a r t i c l e s  1::. 'trim i n  

d i a m e t e r ,  and o n l y  when used  i n  t h e  p a r t i c l e  s i z e  a n a l y s i s  mclde, 

b e c a u s e  i t  i5  o n l y  t h e n  t h a t  d i s c r i m i n a t e d  s i ~ p p o r t  hackgrciund 

f e a t u r e s  c a n  be d i s t i n g u i s h e d  frcam real p a r t i c l e s  (see t h e  f i r s t  

1. 7 



steep n e g a t i v e  S?Op€ in the h i s t e q ~ - a ~ a s  of F i g s . 4 - 6 ) .  P a r t i c l e  Ccai.ti-fts 

s h o u l d  b e  made from p a r t i c l e  s i z e  d i s t r i b i i t i a n  h i s t o g r a m s r  whereby 

t h e  i n i t i a l  c o u n t s  t h a t  a re  most 1 i k e l y  d u e  t o  s u b s t r a t e  f e a t u t - e s  

must  b e  d i s c o u n t e d .  F o r  t h e  5 a m e  reasc tn ,  area c o v e r a g e  measu remen t s  

must b e  i n t e r p r e t e d  w i t h  care. However, t h e  errar stemming fr-om 

i n d i s c r i m i n a t e l y  i n c l u d i n g  v e r y  sn1al1 background features i n  t h i s  

measurement  is n o t  as s i g n i f i c a n t  i n  t h i s  case, b e c a u s e  e v e n  many 

s m a l l  backgraund  f e a t u r e s  may o v e r a l l  c o n t r i b u t e  o n l y  r e l a t i v e l y  

l i t t l e  t o  t h e  t o t a l  area c o u n t  which is9 crf c o u r s e s  d a m i n a t e d  by t h e  

1 a r g e r  p a r t  ic  1 es . 

S h a d i n g  c a r r e c t i o n  is v i t a l l y  i m p u r t a n t  f o r  o b t a i n i n g  m e a n i n g f u l  s i z e  

d i s t r i bu t i or15. W i t h o u  t s h a d  i ng c o r r e c  t i o n  , p a r t  i c 1 es wau 1 d b e  

d i s c r i m i n a t e d  a t  v a r i a u s  t h r e s h h o l d  l e v e l s  w i t h i n  cane s t a t i s t i c a l  

sample .  S i n c e  t h e  c o n t r a s t  s l o p e  is f i n i t e  ( y e t  r e l a t i v e l y  s t e e p e s t  

i f  t h e  m i c r o g r a p h  w a s  t a k e n  a t  Gai rss ian  f o c u s r  a s  menticaned ear l ier)  

t h e  measured  s i z e  o f  a p a r t i c l e  d e p e n d s  on  where  w i t h i n  t h i s  s l o p e  

t h e  d i s c r i m i n a t i o n  t a o k  p l a c e .  The r e s u l t s  of h i s t r c tg ra rns  wcrirld b e  

u n d u l y  a v e r a g e d ,  e l i m i n a t i n g  t h e  p o s s i b i l i t y  o f  r e v e a l i n g  

c h a r a c t e r i s t i c  s i z e  classes, i f  t h e  d i s c r i m i n a t i o n  l e v e l s  w e r e  n o t  

e q u a l i z e d  th rac ighou t  t h e  e n t i r e  a n a l y z e d  m i c r o g r a p h  area by s h a d i n q  

c o r r e c t l a n .  On t h e  a t h e r  handr  o b s e r v i n g  t h e  s a m e  s i z e  c lasses  in 

w e  1 1 s h a d  i ng-cctrrec t e d  images u5 i nq d i f f erer.it d i scr- i m i  nat. i o n  set: t i n g s  

is a m e s t  p u s i t i v e  e v i d e n c e  t h a t  t h e  o b s e r v e d  s i z e  c lasses  are real. 

. .. 
For  p a r t i c l e s  less t h a n  1 nm i n  mean s i z e ! ,  image a n a l y z e r s  a r e  of  

l i t t l e  h e l p ,  and t h e  c o r r e l a t i o n  method s e e m s  e s s e n t i a l  f o r  p c a s i t i v e  

p a r t i c l e  i d e n t i f i c a t i o n .  I t  may, however ,  b e  s u f f i c i e n t  t o  co i - i - e l a t e  



i n t e n s i t y  f e a t u r e s  i n  two or t h r e e  m i c r o g r a p h s  t a k e n  w i t h  d i f f e r e n t  

f o c u s  s e t t i n g s ?  whereby t h e  p h a s e  c o n t r a s t  t r a n s f e r  c h a r a c t e r i s t i c  

( F i g . 1 )  may b e  h e l p f u l  t o  select  t h e  m a s t  a p p r o p r i a t e  d i f f e r e n t  f o c u s  

s e t t i n g s .  O f  t c t ~ r r 5 e ~  a s i z e  d i s t r i b u t i o n  c a n n o t  be made i n  t h i s  case. 

O p t i c a l  d i f f r a c t o g r a m s  are  m u s t  h e l p f u l  f u r  establishing t h e  mean 

s i z e  o f  a p a r t i c u l a t e  d e p o s i t .  T h i s  c a n  b e  done  by m e a s u r i n g  t h e  

i n t e n s i t y  r i n g  i n  t h e  c e n t e r  caf t h e  d i f f r a c t o g r a m s  s temming f rom 

d i f f r a c t i o n  a t  t h e  p a r t i c l e s  ( F i g . 7 ) .  On- l ine  o p t i c a l  f i l t e r i n g  

I F i g . 7 d )  i n c r e a s e s  t h e  c o n t r a s t  ccf t h e  p a r t i c l e  tcc 5;uch a d e g r e e  t h a t  

c o u n t i n g  w i t h  image a n a l y z e r s  becccmes more f e a s i b l e  and a c c u r a t e ?  

w h i  le  unwanted backqround  f e a t u r e s  are  e l i m i n a t e d  f r o m  t h e  c o u n t .  

However t h e  i n h e r e n t  lass of s h a r p n e s s  o f  t h e  p a r t i c l e  c u n t o u r s  

wuuld r e n d e r  subsequent  size a n a l y s e s  w i t h  a n  image a n a l y z e r  

m e a n i n g l e s s .  I t  r e m a i n s  to be s e e n  i f  c o m p u t e r i z e d  image f i l t e r i n g  

w i l l  be a b l e  t o  e n h a n c e  f a t h  t h e  d e t e c t a b i l i t y  and  t h e  s i z e  a n a l y s i s  

of s m a l l  nanccmeter-s ize  p a r t i c l e s .  

S i i e  C l a s s e s  f o r  Pd/TiOe 

T h e  r e s u l t s  f o r  p a l l a d i u m  d e p o s i t e d  o n  t i t a n i a  i n d i c a t e  t h a t  

p a r t i c l e s  i n  two m a j u r  s i z e  c l a s s e s  w e r e  f a rmed  1.3 nm and  1.8 nrn f o r  

t h e  t h i n n e r  d e p u s i t s s  and 1.4 nm and  2.1 nm f u r  t h o s e  s a m p l e s  

s u b j e c t e d  t o  a l o n q e r  d e p a s i t i o v  t i m e .  I t  is t e m p t i n s  to rori-elate  

t h e  i n d i v i d c r a l  meascrred p e a k s  i n  t h e  s i z e  d i s t r i b i t t i o n  hic , toqrarns  

~- - 

w i t h  d i s c r e t e  p a r t i c l e  s i z e s  t h a t  would b e  e x p e c t e d  i f  t h e  p a r t i c l e s  

c c ~ n s i s t e d  caf c l o s e - p a c k e d  spheres w i t h  a 1 5 h ~ l l s . ”  I n  a r.ecent 



communication f202 9 palladium particle sizes of 0.8i7mv l.4nrnv I .7nm, 

and 2.6nm were discussed as corresponding ta 13. 55, 135, and 490 

atoms. respectively. Sattler- C 2 1 1  found 13. and 147 atoms to be 

''magic" numbers in clusters. The particles in cac.tr present sample may 

have been subjected to changes due to expasure to air and/or to 

hydrocarbon contaminants and reactions during the micrascctpys which 

is known to influence the particle size C2i?s231. There ia 

nevertheless quite reasonable agreement between the size classes 

observed in this study for P d / T i O e  and the "magic numhers" 55 and 147 

wh i c h po i n t t ct i c a sa hedr a 1 or cub o -oc t a hedr a 1 p ar t i c 1 e st r i.ic t ut- e5 . 
Further analysis work, e5pecially done in-situ under cctntrolled 

environment cnnditions C21-241, is highly desirable to draw m a r e  

definite conclusions in this regard. 

. 
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FIGURE C W T  I O N S  

F i g .  1 P h a s e  c o n t r a s t  t r a n s f e r  c h a r a c t e r i s t i c  f u r  2( 1iX) kU)=!:).OO37 nm 

e l e c t r a n  wave l e n g t h  a n d  C . ~ = 2 . 2 5  mm s p h e r i c a l  a b e r r a t i o n  c o e f f  ic ier i t .  

D i f f r a c t o g r a m s  t t o p )  c o r r e s p o n d  t o  c a r b o n  f i l m  images  t a k e n  a t  t h e  

r e s p e c t i v e  f o c u s  s e t t i n q s  (-30i-m:. 14C)nm:. 230nms a n d  310nrn). 

F i g . 2  P l a i n  c a r b o n  f i l m  w i t h  t h r e e  marker p a r t i c l e s  t a k e n  a t  

i n c  r ea 5 i ng u n d e r  f c~ c u s . 

F i g . 3  I d e n t i f i c a t i a n  u f  Pd p a r t i c l e s  on  c a r b o n  b y  c o n t r a s t  f e a t u r e  

c o r r e l a t i c m  i n  f o u r  m i c r o q r a p h s  ( s a m e  spec imen area t a k e n  u n d e r  

d i f f er e n  t i mag i i7q c ct nd i t i CI n5 I L e f  t : c o r  r e s p o n d  i ng d i f f r ac t ct cj r a m 5  5 

r i g h t :  i d e n t i f i e d  Pd p a r t i c l e s  a re  h i g h l i g h t e d .  

F i g . 4  P a r t i c l e  s i z e  a n a l y s i s  o f  Pd/'TiOe d e p o s i t r  o b t a i n e d  w i t h  f o u r  

d i f f e r e n t  g r e y  l e v e l  d i s c r i m i n a t i o n  s e t t i n g s  ( d a s h 9  sc t l id : .  d a s h -  

d o t t e d  :. a n d  d o t t e d  c u r v e s  ) . 

F i g . 5  P a r t i c 1 . e  s i z e  a n a l y s i s  a f  t h i n  Pd/TiOe d e p o s i t  ! h a l f  d e p o s i t  

t h i c k n e s s  o f  s p e c i m e n  a n a l y z e d  i n  F i q . 4 ) .  

F i g . 6  Same a s  Fig .5 : .  b u t  w i t h  1OiI nm i n c r e a s e d  u n d e r f a c u s  u s e d  i n  

e l e c t r o n  m i c r u g r a p h .  

F i q . 7  P d / C  ta1::en n e a r  G a u s s i a n  f o c u s  ( t o p )  and a t  a b o u t  2iX) nm 

u n d e r f o c u s  (bot tc lm)  : t h e  r e c o n s t r u c t e d  images w e r e  ta1::en b e f o r e  (c 

and a f t e r  ( d )  o p t i c a l  f i l t e r i n g  cif e s s e n t i a l l y  a l l  r e c i p i - o c a 1  s p a c e  



f r e q u e n c i e s  b e y o n d  the i n t e n s i t y  stemming f r o m  the p a r t i c l e s  I s t i o w n  

i n  d i f f r a c t c t q r a m  ( a ) ) .  

F i g . 8  A u / C  taken w i t h  H i t a c h i  HSi:)OH CTEM a t  25, 50. 75, and 1W-i ktd 

ac c e 1 er a t i cf n vct 1 t age under CI t h e r  w i 5e i de; t i c a 1 c ct nd i t i ct ns . 
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